A series of fluorogenic enzymatic substrates that incorporate a self-immolative spacer were synthesised for the purpose of identifying L-alanylaminopeptidase activity in microorganisms in agar media. These substrates resulted in the generation of fluorescent microorganism colonies with Gram-negative microorganisms.
Introduction
Molecules that contain self-immolative spacers have found widespread applications in areas such as drug delivery, prodrug systems, chemical sensors and enzyme sensors. 1 In one aspect of self-immolative spacer design, fluorescent substrates of general structure 1 have been constructed around a para-aminobenzyl alcohol (PABA) core for the purpose of enabling the detection of protease enzyme activity as outlined in Scheme 1. This system is designed so that the presence of a protease enzyme results in the release of a fluorescent phenolic derivative 4. Thus, the weakly fluorescent substrates 1 are hydrolytically cleaved by an appropriate enzyme producing the O-arylated-4-aminobenzyl alcohol intermediate 2 which subsequently undergoes fragmentation with concomitant liberation of the imine 3 and the fluorescent phenolic derivative 4. Renard, Romieu and co-workers described the preparation of two fluorescent substrates based on the general structure 1; a sensor 5 for the detection of penicillin G acylase 2,3 and a probe 6 for determining Caspase-3 activity (Fig. 1) . 2 Structurally related chemiluminescent substrates for detecting penicillin G acylase and Caspase-3 activities have also been described. 4 A fluorogenic assay based on structure 7 for monitoring the activity of the autophagy-initiating enzyme ATG4B has recently been reported (Fig. 1 ). 5 The identification of specific types of enzyme activity in microorganisms has proved tremendously useful in diagnostic microbiology. 6 Of particular relevance to this paper is the detection of L-alanylaminopeptidase activity which has enabled the differentiation between Gram-positive and Gram-negative microorganisms. 7, 8 This enzyme is widely distributed in Gram-negative microorganisms whereas, in contrast, it is generally absent or less abundant in most Gram-positive microorganisms. Fluorogenic substrates that have been used for the detection of L-alanylaminopeptidase activity include the commercially available coumarin derivative 8 which liberates the highly fluorescent 7-amino-4-methylcoumarin 9 in the presence of an L-alanylaminopeptidase enzyme (Scheme 2). We have previously described the synthesis and evaluation of a series of fluorogenic substrates 10 (X = S, O) that produced the corresponding fluorescent 2-(2-aminophenyl) benzoxazole 11 (X = O) and 2-(2-aminophenyl)benzothiazoles 11 (X = S) in the presence of L-alanylaminopeptidase. 9 Fluorogenic L-alanylaminopeptidase substrates derived from 2-(4-aminophenyl)benzothiazoles were also prepared and evaluated. 10 
Synthesis of substrates
The substrates depicted in Scheme 2 all liberate fluorescent heterocyclic amine derivatives. In view of the availability and structural diversity of fluorescent phenols, we wished to develop substrates that would enable the detection of L-alanylaminopeptidase activity in microorganisms such that a fluorescent phenolic derivative is produced. A potential benefit of these proposed substrates would be that fluorogenic phenols with specific properties, e.g., tailored excitation/emission wavelengths, could be selected from an extensive pool of known molecules hence extending the availability of fluorophores that might be incorporated into aminopeptidase substrates. Thus, in this paper we describe the synthesis and evaluation of a series of novel self-immolative spacer substrates 18 (Table 1) for the purpose of detecting L-alanylaminopeptidase activity in microorganisms.
The synthetic route chosen for the preparation of the substrates 18 is shown in Scheme 3. Commercially available 4-aminobenzyl alcohol 13 was found to be relatively unstable to storage and hence it was prepared immediately before use by reduction of the readily available and inexpensive 4-nitrobenzyl alcohol 12. A mixed anhydride condensation of amine 13 with Boc-protected L-alanine furnished compound 14 which was reacted with methanesulfonyl chloride giving the benzylic chloride 15 directly, presumably via displacement of the mesylate group in the initially formed mesylate derivative by chloride. Compound 15 was then reacted with an appropriate heterocyclic phenol 16 under basic conditions affording the Boc-protected derivatives 17a-e. Treatment of these compounds with hydrogen chloride produced the required substrates 18a-e respectively as their hydrochloride salts.
Based upon previous studies, di-L-alanyl aminopeptidase substrates were found to be less inhibitory to Gram-positive bacteria. 7 Thus, the substrate 22 was also prepared as part of this study in order to assess its scope of activity (Scheme 4). Removal of the Boc-group in compound 15 under acidic conditions gave compound 19 which was then subjected to a mixed anhydride coupling reaction with Boc-L-alanine affording the protected di-L-alanyl derivative 20. The reaction of compound 20 with 6-(1,3-benzothiazol-2-yl)naphthalene-2-ol 16e under basic conditions yielded compound 21 from which the required substrate 22 was obtained by treatment with hydrogen chloride (Scheme 4).
Evaluation of substrates
Each substrate was evaluated in Columbia agar media (37°C in air for 18 h) on a single plate against 20 clinically important microorganisms, including 10 Gram-negative bacteria, 8 Grampositive bacteria and 2 yeasts (substrate concentration 100 mg L
À1
). The growth of the microorganisms was compared to control plates in which no substrate was present. The Gram-negative microorganisms all grew well on the control plates whereas the Gram-positive microorganisms and the yeasts showed only moderate growth. Figure 2 depicts the arrangement of microorganisms on the agar plates and shows a representative example of an agar plate produced by incorporation of substrate 18e into the media.
The coumarin substrate 18a gave intense, blue fluorescent colonies with most of the Gram-negative bacteria and moderately intense, blue fluorescent colonies with four of the Gram-positive bacteria (Streptococcus pyogenes, Listeria monocytogenes, Enterococcus faecium and Enterococcus faecalis) and also with the yeast species, Candida albicans ( Table 2 ). There was some diffusion of the fluorescence from the colonies into the surrounding media with this substrate and this could be a potential disadvantage when investigating polymicrobial cultures obtained from pathological specimens because the diffusion of fluorescence through the agar media into surrounding colonies may not allow a clear differentiation of species that demonstrate enzyme activity. The 7-hydroxyflavone derived substrate 18b produced moderately intense, yellow fluorescent colonies with most of the Gram-negative bacteria ( Table 2) . Growth of the majority of the Gram-positive bacteria was inhibited by this substrate and hence no fluorescence was observed. Growth of the yeast species, Candida glabrata, was also inhibited by this substrate whereas C. albicans did show moderate growth but only produced very weak fluorescence. The substrates 18c-e all produced highly fluorescent colonies with the panel of Gram-negative microorganisms (Table 3) . Thus, the benzothiazole derivative 18d gave intensely yellow fluorescent colonies with all of the Gram-negative bacteria. This substrate was inhibitory towards the Gram-positive bacteria and no growth was apparent and hence no fluorescent colonies were produced. The yeast species, C. albicans, grew moderately well and produced blue-fluorescent colonies. The substrates 18c and 18e both gave similar results to substrate 18d, except that the colonies of Gram-negative bacteria were associated with an intense green fluorescence (substrate 18c, data not shown) and a strong blue fluorescence (substrate 18e). The observed fluorescence with substrates 18c-e was restricted to the microorganism colonies and this is an advantage over our previously described substrates 10 in which noticeable diffusion of the fluorophore into the surrounding media was apparent. 9 Additionally, some diffusion of the fluorophore is also observed with the aminocoumarin-derived substrate 8 in agar media. In accord with expectation, the di-L-alanyl substrate 22 was less inhibitory towards most of the selection of Gram-positive microorganisms compared to the mono-L-alanyl substrate 18e and consequently blue fluorescent colonies were produced with growing Gram-positive microorganisms and also with both yeasts. It is interesting to note that a chromogenic L-alanylaminopeptidase substrate based on a 9-(4-aminophenyl)-10-methylacridinium core was non-inhibitory to five of a panel of ten Gram-positive microorganisms and did not undergo hydrolysis even when microorganism growth occurred. 7 The di-L-alanyl-analogue was even less inhibitory, allowing growth of nine of the same panel of Gram-positive microorganisms. This contrasts with our work described here and elsewhere, 9 in which the L-alanyl fluorogenic substrates were often inhibitory to most Gram-positive microorganisms. This difference in detection profile between these two sets of fluorogenic and chromogenic substrates might be attributed to a variety of factors, including for example, the greater sensitivity of fluorogenic substrates, the higher degree of toxicity of the fluorogenic substrates to Gram-positive microorganisms, the degree of permeation of the substrates into the cell and structural differences between the substrates; the chromogenic substrates are quaternised heterocycles whereas the fluorogenic substrates are not.
Conclusions
In conclusion, the substrates 18c-18e all produced highly fluorescent colonies with the panel of Gram-negative microorganisms. This has been attributed to the combination of two synergistic effects; the wide distribution of L-alanylaminopeptidase in Gram-negative microorganisms and the inhibitory effect of these substrates against Gram-positive microorganisms. Some Grampositive microorganisms gave fluorescent colonies with substrates that were not inhibitory to their growth (substrates 18a and 22).
Experimental
NMR spectra were recorded on a JEOL ECS400 Delta spectrometer at frequencies of 400 MHz for 1 H NMR spectra and 101 MHz for 13 C NMR spectra. All chemical shifts are quoted in ppm relative to TMS as an internal standard. The multiplicity of the signals is expressed as follows; s = singlet, d = doublet, dd = doublet of doublets, t = triplet, q = quartet and m = multiplet, or in combinations (e.g., td = triplet of doublets). High resolution mass spectra (HRMS) were obtained using a Finnigan MAT 900 XLT high resolution double focussing mass spectrometer or a Thermo Scientific LTQ Orbitrap XL mass spectrometer using nanoelectrospray ionisation. Low resolution mass spectrometry (LRMS) was performed via direct injection of dilute methanolic solutions (containing 0.1% formic acid) into a Thermo Finnigan LCQ Advantage MS detector using electrospray ionisation. Infra-red spectra were obtained via a diamond anvil sample cell using a Perkin Elmer 1000FT-IR spectrometer. Melting points are reported uncorrected as determined on a Stanford Research Systems MPA161 melting point apparatus. Thin layer chromatography was performed on Merck plastic foil plates pre-coated with silica gel 60 F 254 . Merck silica gel 60 was used for column chromatography. The preparation of agar plates followed the procedure described previously. 10 
4-Aminobenzyl alcohol (13) 11
A mixture of Cu(acac) 2 (0.35 g, 1.31 mmol) and NaBH 4 (0.25 g, 6.53 mmol) in EtOH (70 mL) was stirred (1 h) under N 2 . A solution of 4-nitrobenzyl alcohol (1.00 g, 6.53 mmol) in EtOH (70 mL) was added followed by NaBH 4 (0.50 g, 12.06 mmol). The mixture was stirred (2 h), distilled water (120 mL) was added and the mixture was filtered. The filtrate volume was reduced by evaporation of most of the EtOH and the remaining solution was extracted with CH 2 Cl 2 (2 Â 50 mL). The combined organic extracts were dried (MgSO 4 ) and evaporated to yield a brown viscous oil which solidified upon standing yielding compound 13 (0.32 g, 40%). This product was used directly without further purification. 
tert-Butyl{(2S)-1-[4-(Hydroxymethyl)anilino]-1-oxopropan-2-yl}carbamate (14)
Amine 13 (0.74 g, 6.00 mmol) was dissolved in dry THF (40 mL) and the resulting solution was cooled to À5°C in an ice/salt bath. In a separate flask, to a stirred solution of Boc-L-alanine (1.20 g, 6.30 mmol) in dry THF (40 mL) was added N-methylmorpholine (0.61 g, 6.00 mmol) and the mixture was cooled to À5°C. Isobutyl chloroformate (0.82 g, 6.00 mmol) was then added, and after stirring for 90 s at À5°C, the solution of amine 13 was added dropwise. The resulting mixture was stirred at À5°C (1 h) and then at room temperature overnight. The solvent was evaporated and the resulting crude product was dissolved in CH 2 Cl 2 and washed successively with 0.1 M aq citric acid solution, 10% aq NaHCO 3 solution and water. The organic layer was dried (MgSO 4 ) and evaporated. The resulting oil crystallised upon standing giving compound 14 (1.50 g, 85%) as light orange crystals, mp 128-129°C; 
tert-Butyl{(2S)-1-[4-(Chloromethyl)anilino]-1-oxopropan-2-yl}carbamate (15)
To a stirred solution of compound 14 (1.50 g, 5.10 mmol) in dry CH 2 Cl 2 (20 mL) at 0°C under N 2 was added Et 3 N (1.55 g, 15.30 mmol) followed by the drop-wise addition of methanesulfonyl chloride (1.76 g, 15.30 mmol). The reaction mixture was stirred at 0°C (2 h) and then at room temperature (18 h). The solvent was then evaporated and EtOAc (60 mL) was added to the residue. The solution was washed successively with 5% aq citric acid solution (100 mL), 5% aq NaHCO 3 solution (100 mL) and brine (100 mL). The organic layer was dried (MgSO 4 ) and evaporated. The crude product was purified by column chromatography (SiO 2 , CH 2 Cl 2 ) giving compound 15 as an off-white powder (1.04 g, 65%), mp 142-143°C; 1 
tert-Butyl N-[(1S)-1-{[(1S)-1-{[4-(Chloromethyl)phenyl]-carbamoyl}ethyl]carbamoyl}ethyl]carbamate (20)
A mixture of compound 19 (1.15 g, 5.00 mmol) and N-methylmorpholine (0.56 g, 5.50 mmol) in dry DMF (20 mL) was cooled to À5°C in an ice/salt bath. In a separate flask, to a stirred solution of Boc-L-alanine (0.99 g, 5.25 mmol), in dry DMF (20 mL) was added N-methylmorpholine (0.51 g, 5.00 mmol) and the mixture was cooled to À5°C. Isobutyl chloroformate (0.68 g, 5.00 mmol) was added to this mixture and after stirring for 90 s at À5°C, the solution of the amine 19 was added. The resulting mixture was stirred at À5°C (1 h) and then at room temperature overnight. The solvent was evaporated and the residue was dissolved in EtOAc (60 mL), washed successively with 0.1 M aq citric acid solution (30 mL), 10% aq NaHCO 3 solution (30 mL) and water (30 mL). The organic layer was dried (MgSO 4 ) and evaporated giving compound 20 as a light brown powder (1.25 g, 74%), mp 164°C; 
A mixture of 4-methylumbelliferone 16a (0.14 g, 0.80 mmol), compound 15 (0.30 g, 0.80 mmol) and Cs 2 CO 3 (0.26 g, 0.80 mmol) was stirred (3 h) in dry DMF (20 mL) at 80°C. The mixture was allowed to cool to room temperature and the solvent was evaporated. CH 2 Cl 2 (30 mL) was added to the residue. The mixture was filtered, the filtrate was washed successively with 10% aq NaHCO 3 solution (30 mL) and water (30 mL). The organic fraction was dried (MgSO 4 ) and evaporated giving compound 17a as a grey powder (0.33 g, 91%), mp 180-182°C which was used without any further purification 
A mixture of 7-hydroxyflavone 16b (0.38 g, 1.60 mmol), compound 15 (0.5 g, 1.60 mmol) and Cs 2 CO 3 (0.52 g, 1.60 mmol) was stirred (5 h) in dry DMF (20 mL) at 90°C. The mixture was allowed to cool to room temperature and the solvent was evaporated. EtOAc (30 mL) was added to the residue and the resulting mixture was washed successively with 2.0 M aq NaOH solution (3 Â 30 mL) and water (30 mL). The organic fraction was dried (MgSO 4 ) and evaporated affording compound 17b as a fluffy yellow powder (0.40 g, 49%), mp 113°C which was not purified further; 1 A mixture of 2-(2-hydroxyphenyl)benzoxazole 16c (0.31 g, 1.45 mmol), compound 15 (0.500 g 1.60 mmol) and Cs 2 CO 3 (0.781 g, 2.40 mmol) were stirred (5 h) in dry DMF (20 mL) at 90°C. The mixture was then allowed to cool to room temperature and the solvent was evaporated. EtOAc (40 mL) was added to the residue and the resulting mixture was washed successively with saturated aq NaHCO 3 solution (40 mL) and water (40 mL). The organic fraction was dried (MgSO 4 ) and evaporated. The residue was triturated with Et 2 O and the resulting material was purified by column chromatography (SiO 2 , CH 2 Cl 2 changing to CH 2 Cl 2 -MeOH (98:2)) giving compound 17c as a light brown powder (0.19 g, 26%), mp 101°C; 
A mixture of 16e (0.30 g, 1.08 mmol), compound 15 (0.41 g, 1.30 mmol) and Cs 2 CO 3 (0.53 g, 1.62 mmol) was stirred (12 h) in dry DMF (20 mL) at 90°C. The mixture was allowed to cool to room temperature and the solvent was evaporated. EtOAc (60 mL) was added to the residue and the mixture was washed successively with 10% aq NaHCO 3 solution (30 mL) and water (2 Â 20 mL). The organic fraction was dried (MgSO 4 ) and evaporated. The residue was purified by column chromatography (eluent; EtOAc, 100%) giving compound 17e as a pink powder (0.40 g, 67%), mp 204-205°C; 1 
